The effects of constant temperature and photoperiod on the development and reproduction of Adoxophyes honmai Yasuda (Lepidoptera: Tortricidae) were investigated. The durations of the larval and pupal stages decreased in the range from 15 to 28°C, but the developmental periods were longer at 30°C than at 28°C. The developmental zero and the thermal constants were calculated to be 9.8°C and 104.1 degree-days for eggs, 9.3°C and 232.6 degree-days for larvae, 11.5°C and 76.3 degree-days for pupae, and 10.3°C and 417.0 degree-days from egg to adult emergence. The temperature significantly affected the number of eggs deposited by a single female, the proportion of eggs hatched, and the longevity of adult females. At both 15 and 20°C, larval and pupal developmental periods were significantly shorter for the long-day length of 16L:8D than for the short-day length of 10L:14D.
INTRODUCTION
In tea plants, Camellia sinensis (Linnaeus) Kunze, leaf-feeding insects such as the Tortricidae are economically important pests (Cranham, 1966; Minamikawa and Osakabe, 1979) . From central to southern Japan, the smaller tea tortrix, Adoxophyes honmai Yasuda (Lepidoptera: Tortricidae), is a major pest of tea plants and is more important than another tortricid tea pest, Homona magnanima Diakonoff in southern Japan (Tamaki, 1991) . Minamikawa (1950 Minamikawa ( , 1951 described several biological and ecological characteristics of the smaller tea tortrix. The adult female lays oval-shaped egg masses approximately 5 mm in diameter on the undersides of the tea leaves. The newly hatched larva is about 1.5 mm long and pale yellow-white with a dark-brownish head. During larval development, the body color changes to green or yellowish green, and mature larva grow to about 20 mm in length. Larvae disperse after hatching and prefer the growing part of the plant or young leaves. The larva makes a nest by webbing one or several leaves together, and pupates inside the leaf nest.
Most larvae undergo five to six larval instars, but some individuals in over-wintering populations have an additional larval instar (Tamaki, 1991) . This species generally has four generations a year and sometimes five in southern Japan, and overwinters without diapause (Tamaki, 1991) .
Under natural conditions, organisms are subject to a combination of environmental factors, both biotic and abiotic. It is this combination that ultimately determines the distribution and abundance of a species (Andrewartha and Birch, 1954) . Photoperiod and temperature affect the insect endocrine system, which can act as a switch that determines whether the insect averts or enters diapause (Beck, 1980; Saunders, 1982; Danks, 1987) .
In this study, the development of larvae and pupae of the smaller tea tortrix, A. honmai, was investigated in two parts; (1) under six constant temperatures and (2) under three photoperiodic regimes at two constant temperatures. The study also determined the effects of temperature and photoperiod on two growth parameters, pupal weight and induction of larval diapause. In addition, we examined the effect of constant tempera-ture on mortality and reproduction. The results were compared with field data to analyze the lifecycle of A. honmai.
MATERIALS AND METHODS
Insects. The initial stock culture of A. honmai was collected from a tea field in Mizuho (35°46ЈN, 139°21ЈE), Tokyo, in spring 2000 and reared continuously in our laboratory. The larvae were fed an artificial diet, Silkmate 2 (Nihon Nosan-Kogyo Co. Ltd.), in plastic rearing containers (15ϫ20ϫ5 cm) at 25°C under a photoperiodic regime of 16 h of light and 8 h of dark (16L:8D).
Effects of temperature on the development of eggs, larvae, and pupae. Pupae were removed from the plastic rearing containers and placed in adult emergence containers (21ϫ29ϫ5 cm), with 20 females and 25 males per container. A sheet of paraffin paper was attached to the inner wall and lid of each container to provide females with a substrate for oviposition, and a piece of wet cotton was added to provide water for adults.
After oviposition, egg masses were placed in Petri dishes (9-cm diameter) and kept in six incubators with a 16L:8D photoperiod, each of which was set at a different constant temperature of 15, 20, 23, 25, 28, and 30°C . As the egg masses reached maturity (indicated by a color change to black) they were photocopied, and the number of black eggs per egg mass was counted. Observations were made until hatching terminated. The number of newly hatched larvae were counted daily. Each treatment used 9 to 22 egg masses.
Newly hatched larvae were placed individually into small glass tubes (1-cm diameter, 6-cm length) containing an artificial diet, Insecta LF (Nihon Nosan-Kogyo Co. Ltd.). The tubes were plugged with absorbent cotton and kept in incubators at the same constant temperature and photoperiod conditions as the egg stage. The mortality and development of the larvae were examined daily.
On the day of pupation, the pupae were removed from the glass tubes, weighed, and placed individually into 30-ml plastic cups, each containing a piece of wet cotton. Observations were made until adult eclosion or death. The sex of each surviving individual was determined from pupal or adult characters. The number of larvae per treatment ranged from 35 to 40.
Effects of photoperiod on the development of larvae and pupae. Egg masses kept in Petri dishes were placed in incubators at 15 and 20°C under three photoperiods of 10L:14D, 12L:12D, and 16L:8D. Newly hatched larvae were transferred individually into small glass tubes containing the artificial diet (Insecta LF). The tubes were kept in incubators set at the same temperature and photoperiod as the egg stage. Pupae were treated in the same manner as described above. Their mortality and development were examined daily until adult eclosion or death. Forty-three larvae were used in each treatment.
Effects of temperature on the reproduction and longevity of adults. Pupae were placed individually into 30-ml plastic cups, each containing a piece of wet cotton, and kept in an incubator at 25°C with a 16L:8D photoperiod until adult emergence. On the day of adult emergence, females and males were paired, and each pair was placed into 100-ml paper cups (6.3-cm diameter, 3.3-cm height), each containing a piece of wet cotton. A sheet of paraffin paper was attached to the inner wall and lid of each cup to provide females with a substrate for oviposition.
The paper cups were maintained at four temperatures of 15, 20, 25, and 30°C, each with a 16L:8D photoperiod. After oviposition, the sheet of paper with egg masses was removed and replaced by a new sheet of paraffin paper. The egg masses were transferred to Petri dishes and kept in an incubator at 25°C with a 16L:8D photoperiod until maturity. The egg masses were photocopied, and the number of black eggs was counted. The egg masses were maintained under these conditions until eclosion finished, when the percentage of eggs hatched was calculated. Observations were continued until the death of the adults. Fifteen pairs of moths were used in each treatment.
Data analysis. The developmental rate (1/D) of various life stages (i.e., egg, larva, pupa, and total development) was fitted with temperature to obtain the relationship in terms of 1/DϭaTϩb, where D is developmental period, T is temperature, and a and b are the regression parameters obtained from the regression equation. The lower developmental threshold (tϭϪb/a) and the thermal constant (Kϭ1/a) were calculated by extrapolating the linear portion of the temperature-developmental rate curve. The data of the daily mean temperature to calculate the total effective temperature of the cities mentioned in this study was obtained from the Japan Meteorological Agency (JMA) homepage (see References). Data on the developmental periods of each stage and longevity of adults were log transformed before analyses were carried out. Differences in the developmental periods, adult longevity, pupal weight and fecundity at various constant temperatures and photoperiods were subjected to one-way ANOVA and compared using the Tukey-Kramer test. All statistical analyses were conducted using JMP Version 3 (SAS Institute Inc., 1997). The mortalities of eggs, larvae, and pupae were analyzed using the chi-square test. Means were separated by a Tukey-type multiple comparison test for the proportion with Freeman and Tukey arcsine transformation (Zar, 1999) .
RESULTS

Effect of temperature on the development of eggs, larvae, and pupae
The effects of temperatures on the developmental periods of eggs, larvae, and pupae are summarized in Table 1 . The duration of the egg stages decreased significantly as the temperature increased (Tukey-Kramer test, pϽ0.05) (Table 1) , except for the periods at and between 28 and 30°C (pϾ0.05). The duration of the larval stages for both sexes decreased significantly when temperature was increased up to 28°C (pϽ0.05). However, the duration was longer at 30°C than at 28°C, with a significant difference for males (pϽ0.05) and no significant difference for females (pϾ0.05) ( Table 1) . At all temperatures except 15°C, the developmental periods for female larvae were longer than those for male larvae pϽ0.0001) . In all treatments, the 5th larval instar was longer than the other instars (Tukey-Kramer test, pϽ0.05) ( Table  2) .
Similar trends were observed in the pupal period (Table 1) . From 15 to 28°C, the pupal period decreased significantly (Tukey-Kramer test, pϽ0.05) but was not significantly different at and between 25 and 28°C in males (pϾ0.05). The pupal period at 30°C was longer than that at 28°C, with a significant difference for females (pϽ0.05) and no significant difference for males (pϾ0.05). The developmental rates of the larval and pupal stages at 30°C were outside the linear segment of regression and therefore data obtained at 30°C was not included in the analysis. The developmental zero and thermal constants are shown in Table 3 . The developmental zero for eggs, larvae, and pupae were 9.8, 9.3, and 11.5°C, respectively. The thermal constants for the development of eggs, larvae, and pupae were estimated to be 104.1, 232.6, and 76.3 degree-days, respectively.
The effect of temperature on the mortalities of the egg, larval, and pupal stages is summarized in Table 4 . Mortality of the egg stage ranged from 10.9% to 40.2%, and significant differences were observed at 28°C or higher and 25°C or lower (Tukey-type multiple comparison test, pϽ0.05). On the other hand, the mortality of the larval stage ranged from 2.9 to 17.1%, but significant differences were not observed among the temperatures examined. At all temperature conditions, the dead larvae were observed exclusively in the 1st instar. Mortality of the pupal stage ranged from 8.8 to 28.9%, but there were no significant differences among the temperatures. The effect of temperature on the pupal weight of A. honmai is summarized in Table 5 . In general, pupae reared at lower temperatures were heavier than those reared at higher temperatures, and significant differences were observed at or near 15°C, and at 25 or 30°C for males, and at or near 25°C, and at 15, 20 or 23°C for females (Tukey-Kramer test, pϽ0.05). Male pupae were lighter than female pupae at all temperatures (Student's t-test, pϽ0.01).
Effect of photoperiod on the development of larvae and pupae
The developmental periods of A. honmai larvae and pupae reared at different temperatures and photoperiods are summarized in Table 6 . The developmental period of larvae of both sexes was significantly longer under 10L:14D than under 16L:8D, and this held true for both temperatures (Tukey-Kramer test, pϽ0.05). For both sexes, larval periods did not differ significantly between 16L:8D and 12L:12D at 15°C (pϾ0.05), but differed significantly at 20°C (pϽ0.05). The larval period under 10L:14D at 15°C was conspicuously longer than the other photoperiodic and temperature conditions.
The developmental period of pupae was significantly longer under 10L:14D than under 16L:8D and 12L:12D for both temperatures (Tukey-Kramer test, pϽ0.05) ( Table 6 ). Pupae were significantly heavier under 10L:14D than under the other photoperiods (pϽ0.05), but this was not true under 12L:12D at 20°C (pϾ0.05).
Effects of temperature on the reproduction and longevity of adults
The mean longevity of adult females increased significantly as the temperature decreased and reached a maximum of 27.1 d at 15°C (TukeyKramer test, pϽ0.05) ( Table 7) . Some adults died 2 and 10 d after emergence at 30°C and 15°C, respectively (Fig. 1) . The survival curve declined from 4, 10, and 14 d after emergence at 30, 25, and 20°C, respectively. The longest adult longevity was 34 d at 15°C.
The mean oviposition period increased as the temperature decreased, and significant differences were observed at and near 30°C and at 15 or 20°C (Tukey-Kramer test, pϽ0.05) ( Table 7) . Most of the female adults started to lay eggs within 48 h 234 F. H. NABETA et al. (Fig. 1) . The total number of egg masses laid by a single female did not significantly differ among the temperatures ranging from 15 to 25°C (pϾ0.05) ( Table 7) . A single female of A. honmai laid a significantly larger number of eggs at 20°C than at 15°C or 30°C (pϽ0.05). The egg hatchability was lowest at 30°C, and this value was significantly different from those at 20 and 25°C (pϽ0.05).
DISCUSSION
Although insects are subject to fluctuating conditions in nature, a study under controlled conditions can provide valuable insight into the population dynamics of a particular species (Summers et al., 1984) . The results presented in this study clearly demonstrate the effects of temperature and photoperiod on the developmental period, longevity, and fecundity of Adoxophyes honmai.
The developmental times of eggs, larvae, and pupae decreased as the temperature increased (Table 1) , but larval and pupal development was retarded at 30°C. A similar phenomenon was also observed for the oriental tea tortrix, Homona magnanima (Lepidoptera: Tortricidae) (Mao, 1991) .
The pupal weight was lighter at higher temperatures than at lower temperatures (Table 5) . Female moths that emerge from smaller pupae are smaller, and consequently lay fewer eggs than larger moths. Mao (1991) found a positive correlation between anterior wing size and the number of eggs laid by the female moths of H. magnanima. In A. honmai, Development and Reproduction of A. honmai 235 the numbers of egg masses and eggs produced, and the rate of eggs hatched were lowest at 30°C (Table  7) . The mortalities of the egg stage at 28 and 30°C were significantly higher than those at other temperatures (Table 4) . These results are applicable to field conditions. In the summer, when temperatures are high even at night, the reproduction and survival of A. honmai would undergo a pronounced reduction. For example, in Ome City (35°47ЈN,  139°19ЈE) , which borders the collection site, Mizuho, the maximum temperature was 38.5°C, and the minimum temperature was as high as 26.2°C (JMA) in mid-and late-July 2001, when A. honmai moths of the second generation were observed in tea fields (Ogura, personal communication). Noguchi (1984) investigated the effect of temperature on the mating time of the smaller tea tortrix, A. honmai moth. He found that mating occurred within a wide range of temperatures, from 12 to 30°C, but the optimum mating temperature ranged from 15 to 25°C. Minamikawa and Osakabe (1979) observed that some over-wintering A. honmai larvae undergo an additional larval instar. Furthermore, absence of winter diapause has been reported for A. honmai (Tamaki, 1991) . In the present study, larvae reared under 16L:8D had a significantly shorter larval period than those reared under 12L:12D and 10L:14D (Table 6 ). Eleven and fifteen percent of the larvae reared under 10L:14D underwent an additional molt of extended duration at 15 and at 20°C, respectively (data not shown). Similar responses have been observed in the tufted apple budmoth, Platynota idaeusalis (Lepidoptera: Tortricidae) (Rock and Shaffer, 1983) , and in H. magnanima (Mao, 1991) . Three apple leaf rollers, Pandemis heparana (Denis et Schiffermuller), Archips breviplicanus (Walsingham), and Adoxophyes orana (Walsinghan) (Lepidoptera: Tortricidae), found in Hokkaido enter diapause at the second larval instar, third or fourth instar, and third instar, respectively (Oku, 1966) .
In the present study, the developmental zero and thermal constant from hatching to adult emergence of A. honmai were calculated to be 10.3°C and 417.0 degree-days, respectively (Table 3) . When we considered the pre-oviposition period at 25°C as being 2 d for the full development of one generation of A. honmai under temperatures higher than 10°C, the thermal constant was estimated to be 236 F. H. NABETA et al. On the other hand, the total effective temperature of Kagoshima City (31°33.1ЈN, 130°33.1ЈE) was estimated to be 2,400 and 2,320 degree-days based on the data of the daily mean temperature over 10°C in 2000 and 2001 (JMA) , respectively. According to this estimate, A. honmai in Kagoshima City would produce five generations per year. In the town of Kanaya, Shizuoka Prefecture (34°46.8ЈN, 138°08.6ЈE), the total effective temperatures in 2000 and 2001 were estimated at 2,372 and 2,304 degree-days, respectively (JMA), and therefore A. honmai should have five generations per year. Commonly, A. honmai has four generations per year in Shizuoka Prefecture, but a fifth generation is sometimes observed in some tea-cultivating districts (Sato, personal communication). The above estimates agree with the field data for A. honmai moths captured in light and pheromone traps in Shizuoka Prefecture (Minamikawa and Osakabe, 1979; Kawasaki et al., 1983) , in Saitama Prefecture (Shimoda, 1984) , in Chiba Prefecture (Tamaki and Yamaya, 1976) , and in Kagoshima Prefecture (Tamaki, 1991; Nishi and Nonaka, 1996) . Shirai et al. (1998) and Shirai and Kosugi (2000) investigated the effects of temperature on the flight Development and Reproduction of A. honmai 237 Fig. 1 . Survival (ᮀ) and changes in the average number of eggs deposited by an Adoxophyes honmai female (᭹) exposed to four different temperatures. (Shimoda, 1984) . In Saitama Prefecture, a large number of H. magnanima males were captured in both light and pheromone traps until late October to early November, when the minimum temperature fell below 10°C (Shimoda, 1984) . During this period, small numbers of A. honmai males were always captured in pheromone traps, but none were captured in light traps; allowing the assumption that A. honmai is probably less likely to fly to light traps at lower temperatures. In tea fields in central Japan, both A. honmai and H. magnanima have the same number of generations per year (four) and the same seasonal prevalence (Tamaki, 1991) . However, they have different suitable temperature ranges for flight activity. When predicting the occurrence or devising control measures for these two species, this difference has to be taken into account.
